Cells of the established cell lines of the rat kangaroo (Puotorous tridactylis), were laser microirradiated in order to study their nucleolar organizers. Microbeam irradiation of prophase and metaphase nucleolar organizer sites in both male (PTK 1) and female (PTK2) cells resulted in a reduction in the number of normal nucleoli formed following mitosis. Irradiation of the one nucleolar organizer in the male cells, often resulted in the formation of numerous micronucleoli. Micronucleoli were also formed in small, extra nuclei, that were probably formed as a result of microirradiation of the centromere region of autosomes. Preliminary cytochemical analysis of the micronucleoli is presented and the possible mechanism of the formation is discussed.
Cells from the established lines of the rat kangaroo (Potorous fridactylis) are particularly useful in studies employing microbeam irradiation because of their low chromosome number, and because they remain flat during the mitotic process. Both of these characteristics facilitate microbeam irradiation of a desired chromosome [l] .
A nucleolar-associated secondary constriction on the "X" chromosome has been noted by several authors [2, 31 , and examined ultrastructurally by Hsu et al. [4] . The occurrence of the secondary constriction on an easily recognizable chromosome suggests that it might be irradiated with the laser microbeam. Initial studies on metaphase and anaphase salamander cells demonstrated that laser microbeam irradiation of secondary constrictions, or irradiation of the chromosome reExptl Cell Res 75 (1972) gion immediately adjacent to the constriction, resulted in the loss of nucleolar synthesis by the irradiated chromosome [S, 61. Subsequent studies involving microirradiation of nucleolar associated chromosomes during prophase also resulted in a reduction of nucleolar number [7] . The salamander cells normally contained two, three or four nucleoJar-associated secondary constrictions, with the same number of associated nucleoli. When either one or two of the nucleolar organizers were destroyed, the nucleoli that were formed (either two or three) were considerably larger than normal. There appeared to be a compensation mechanism similar to the phenomenon described in the heterozygous anucleolate Xen0pu.s mutant [S] .
A highly desirable microbeam experiment would have been the elimination of all the major nucleolar organizers from the cell. some sites that appeared to be associated with the This experiment was not possible because of nucleolus. In the female cells only one of the two nucleoli was irradiated at its chromosome-associated the difficulty in finding and irradiating ail of site. Male cells were irradiated at the chromosome the nucleolar organizers in the same cell sites of the single nucleolus. Irradiation was performed when the nucleolus began to disappear and during the appropriate stages of mitosis. the chromosomes were moderately condensed. MetaThe availability of both male (PTK2) and phase irradiation was performed only at the secondary constriction region of the male cells. female (PTK 1) cell lines of the rat kangaroo
The microbeam system has been described in detail presents several interesting possibilities for elsewhere [9] . The beam of an argon ion gas laser (Hughes 3030H) with primary wavelengths at 488 the study of the nucleolar organizer. The male nm and 514 nm was directed into a standard Zeiss
Photomicroscope and focused by a Zeiss Neofluar cell line (PTK2) contains only one X chro- (arrows) and the chromosomes associated with the nucleoli; this cell was irradiated at the chromosome regions near the nucleoli immediately after this photo was taken; (b) two daughter cells formed from the preceding cell; note only one nucleolus per cell (arrows); chromatin has not fully decondensed yet; phase optics one hour post-irradiation; (c) male (PTK2) cell in middle prophase immediately preceding microirradiation of nucleolar-associated chromosomes; note single nucleolus (arrow); (d) two daughter cells formed from preceding cell (large arrows); note numerous small micronucleoli in each nucleus (small arrows); phase optics 2 h post-irradiation. cell completed mitosis and formed two Metaphase irradiation of male cells daughter cells with one nucleolus in each The results of the metaphase irradiations were cell. This experiment was repeated three less clear cut than the previous experiments. times with the same results.
In one experiment irradiation of the secondary constriction region of the X chromoProphase irradiation of male PTK2 cells some resulted in two daughter cells: one The chromosomes associated with the single daughter cell had a single nucleus containnucleolus were irradiated as illustrated in ing only micronucleoli ( fig. 3c) , and the fig. 2c, d . The cell completed mitosis and other daughter cell had two nuclei-a large two daughter cells were formed. Numerous one with a normal appearing nucleolus, and small nucleolar-like bodies (micronucleoli) a smaller nucleus with several small microwere produced in each daughter cell nucleus. nucleoli ( fig. 3d ). As can be seen from fig. This cell was followed for 48 h in culture. 3b, some chromosomes or chromosome Similar results have been observed in three fragments failed to undergo normal anaphase repeats of the experiment. None of the movements and segregation. micronucleoli-containing cells were observed In another experiment, abnormal chromoentering into subsequent mitosis. some segregation (chromosomes did not appear to be attached to the mitotic spindle) also occurred and the result was one cell DISCUSSION with micronucleoli and another cell with a The morphology and karyology of the rat normal nucleolus ( fig. 4a ). kangaroo cells make them ideal for cytoIn a third experiment, irradiation of what genetic and microbeam studies. The locawe thought was the X chromosome but tion of nucleolar associated secondary conprobably was an autosome, resulted in ab-strictions on the X chromosome provides a normal chromosome movement. The result sex-linked characteristic that is expressed was two daughter cells with several nuclei.
biochemically and morphologically in culIn both cells, one nucleus contained a nortured cells. The availability of stable male and ma1 looking nucleolus, and the other nucleus female cell lines with one and two secondary contained micronucleoli ( fig. 4b) .
constrictions respectively, and corresponding nucleolar number (1 per constriction) is Cytochemical analysis a unique occurrence in cultured cells. In Micronucleoli stained positively for both addition, it appears that X-chromosome in-RNA and protein. Fig. 5a is a cell stained activation (Lyon's Hypothesis) does not ocfor RNA with cresyl violet, and fig. 5c is a cur in the female cells (PTK I)-at least with cell stained for protein with naphthol yellow.
respect to the nucleolar genes. One wonders In fig. 5 b, the cell stained with cresyl violet if this is also the case in vivo. is shown through the phase microscope prior
The reduction of one nucleolar organizer to fixation. These are PTK2 (male) cells and concomitant decrease in nucleolar numthat have been irradiated in a fashion ber in the female cells agrees with the exidentical to those cells described in the previperiments performed on primary cultures of ous section "Prophase irradiation of male salamander lung [.5, 61. However, the ability PTK 2 cells".
to perform this manipulation in established cell lines provides the capability of establishing new cell lines deficient in varying numbers of nucleolar organizers. It should be possible to clone these cells into a viable cell strain. It has already been demonstrated that microirradiated rat kangaroo ceils can undergo additional mitosis [l] . The occurrence of micronucleoli is a phenomenon described by many authors. Small nucleolar-like bodies have been found associated with dipteran polytene chromosomes [ 12, 131. Garcia & Kleinfeld [14] have demonstrated that they are active in RNA synthesis. McClintock [15] and Heitz [16] showed that when the major nucleolar organizer was absent from the chromosome of Zea mays, micronucleoli were produced at other chromosome sites. Phillips & Phillips [ 171 have described numerous micronucleoli in cultured Chinese hamster cells. These bodies occurred in normal nuclei and in micronuclei produced by treating the cells with colchicine. Cytochemical analysis of the micronucleoli indicated they contained both RNA and protein. Radioautography indicated that they were capable of RNA synthesis, and electron microscopy demonstrated that the micronucleoli contained fibrillar and granular components.
Abnormal micronucleoli have been experimentally induced in Chinese hamster embryonal cells, KBG human cells, and C929 mouse cells by treatment with actinomycin D for 3 h prior to mitosis. Following mitosis, small nucleolar-like refractile bodies formed that stained positively for protein, and negatively for RNA (Phillips. In press). On the other hand, Barr [18] has discussed micronucleoli ('blobs') from the anucleolate Xenopus mutant that stain positively for both RNA and protein.
It is evident that micronucleoli vary with respect to structure and function, depending upon the organism and the method of production. The micronucleoli formed in male rat kangaroo cells as a result of deleting the major nucleolar organizer during prophase appear to contain both RNA and protein.
A logical explanation for their occurrence would be the presence of additional 'subsidiary' nucleolar organizer sites that were activated when the major nucleolar organizer was deleted. This mechanism could also explain why deletion of one major nucleolar organizer from the female cells did not result in micronucleoli; the remaining major nucleolar organizer could still organize a normal nucleolus.
An alternative hypothesis would be that the micronucleoli are formed from nucleolar proteins and RNA that were synthesized prior to mitosis (Phillips. In press).
The experiments involving metaphase irradiation of male cells are more complicated. In all three of the experiments described at least one of the two daughter cells contained a nucleus with a large normal-appearing nucleolus, and a nucleus with micronucleoli. In addition, abnormal anaphase chromosome movements were observed in all three experiments. The abnormal chromosome movments could be explained by the fact that in the fully condensed metaphase chromosome, the secondary constriction is situated very close to the centromere (see fig. la ). It is possible that, in attempting to irradiate the secondary constriction, the centromere was damaged. This could result in the inability of the irradiated chromosome to attach to the spindle and segregate normally. Chromosomes could end up not segregating at all, moving into the wrong cell nucleus or being excluded from the major nucleus, thus resulting in the formation of a micronucleus. In addition, the metaphase irradiation could result in damage to varying combinations of secondary constrictions and/or centromeres. In summary, it appears possible to produce micronucleoli by either direct microirradiation of the single major nucleolar organizer of the X chromosome of male cells, or by irradiation of the centromeres. Irradiation of the X chromosome centromere can result in the inclusion of the X chromosome in the wrong nucleus or into a small micronucleus. Micronucleoli are formed in the nucleus deficient in the X chromosome. It also seems possible to produce micronucleoli by irradiating the centromeres of autosomes (not X chromosomes). This type of irradiation results in the exclusion of the irradiated chromosome from the normal nucleus and its inclusion into a micronucleus. This is probably what happened in the experiment illustrated in fig. 4b . The fact that a large nucleolus was produced in two of the nuclei indicates that the secondary constrictions probably were not irradiated. The irradiated chromosomes were probably autosomes that were segregated into separate nuclei. When isolated from the major nucleus which contains the primary nucleolar organizer the secondary nucleolar organizers on the autosomes were able to function. This result would suggest that in the male rat kangaroo, ribosomal cistrons are distributed between many chromosomes. These genes normally are repressed, but are expressed when the major group of ribosomal cistrons are inactivated or isolated in another nucleus. This hypothesis is similar to the one suggested by Phillips & Phillips [17] for the Chinese hamster.
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